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Aerodynamic Characteristics and Control Effectiveness of 
the HL-20 Lifting Body Configuration at Mach 10 in Air 


By 

William I. Scallion 
Langley Research Center 


ABSTRACT 

A 0.0196-scale model of the HL-20 lifting-body, one of several configurations proposed 
for future crewed spacecraft, was tested in the Langley 31-Inch Mach 10 Tunnel. The 
purpose of the tests was to determine the effectiveness of fin-mounted elevens, a lower 
surface flush-mounted body flap, and a flush-mounted yaw controller at hypersonic 
speeds. The nominal angle-of-attack range, representative of hypersonic entry, was 20° 
to 41°, the sideslip angles were 0°, 2°, and -2°, and the test Reynolds number was 1.06 x 
lO*’ based on model reference length. The aerodynamic, longitudinal, and lateral control 
effectiveness along with surface oil flow visualizations are presented and discussed. 

The configuration was longitudinally and laterally stable at the nominal center of 
gravity. The primary longitudinal control, the fin-mounted elevens, could not trim the 
model to the desired entry angle of attack of 30°. The lower surface body flaps were 
effective for roll control and the associated adverse yawing moment was eliminated by 
skewing the body flap hinge lines. A yaw controller, flush-mounted on the lower 
surface, was also effective, and the associated small rolling moment was favorable. 


SUMMARY 

A 0.0196-scale model of the HL-20 lifting body spacecraft configuration was tested in 
the Langley 31-Inch Mach 10 Tunnel to determine the aerodynamic stability and control 
characteristics at hypersonic speeds. Measurements of aerodynamic forces and 
moments were obtained for the configuration with fin-mounted elevons, lower surface 
body flaps with a conventional and a skewed hinge line, and a triangular-shaped yaw 
controller flush-mounted on the lower surface. The configuration was tested over a 
nominal angle-of-attack range of 20° to 41° at sideslip angles of 0°, 2°, and -2° at a 
nominal Mach number of 10 and a Reynolds number of 1.06 x lO*’ based on model 
reference length. 

The results indicated that for the given center-of -gravity location of 54 percent of the 
reference body length, the configuration was statically stable longitudinally and 
laterally. The fin-mounted elevons, the primary longitudinal controls, were ineffective 
and could not trim the configuration above an angle of attack of 23.5°. The 
conventional body flap was an effective roll control, and the associated adverse yawing 
moment was eliminated by skewing the hinge line 25°. The yaw controller was also 
effective and the associated rolling moment was slightly favorable. Both the lower- 
surface body flap and yaw controller, when deflected for roll and yaw respectively, 
produced adverse pitching moments larger than the trim capability of the fin-mounted 
elevons. 
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INTRODUCTION 

A permanently crewed space station orbiting the Earth places additional requirements 
on the existing capability to transport personnel to and from orbit. A prime 
consideration is the return of personnel to Earth in the event of an emergency. An 
additional consideration is the routine, economical transportation of personnel to and 
from the station to supplement the space shuttle capability. The National Aeronautics 
and Space Administration has been investigating a number of possible crewed 
spacecraft configurations designed to meet these requirements. One of the 
configurations is a lifting body designated the HL-20 (ref. 1). This configuration has 
been tested in wind tunnels to determine its aerodynamic characteristics throughout the 
speed range from subsonic to hypersonic conditions (refs. 2 to 9). The control 
characteristics were investigated at subsonic speeds (ref. 9), transonic speeds (ref. 6), 
and supersonic speeds (refs. 7 and 8). 

The present tests were performed to obtain the effectiveness of the HL-20 controls at 
hypersonic speeds. The tests were conducted in the Langley 31-Inch Mach 10 Tunnel 
with a 0.0196 scale model at a nominal Mach number of 10, and a free stream unit 
Reynolds number per foot of 2.2 x lO*’ corresponding to a length Reynolds number of 
1.06 X 10*’ . Control effectiveness data were obtained for the fin-mounted elevons, the 
lower-surface body flap with a conventional and a skewed hinge line, and a lower- 
surface triangular-shaped yaw controller. The model was tested over a nominal angle- 
of-attack range of 20° to 41° at zero sideslip and sideslip angles of 2° and -2°. 


SYMBOLS 

The aerodynamic data are referenced to the body axis system (fig. 1). The coefficients 
are based on the planform area, length, and span of the body without fins. The moment 
center is located at a station 54 percent of the body length from the nose and 8 percent 
of the body length above the flat lower surface. 

b reference body span, 2.826 in. 

Ca axial force coefficient. Axial force/ (q„ x S^ef) 

Cd drag coefficient. Drag/ (q„ x S^gf) 

Cl lift coefficient. Lift / (q„, x S^gf) 

C, rolling-moment coefficient. Rolling-moment / (q„ x S^f x b) 

C,p = dCj 9(3, taken at (3 = -2° and 2°, per degree 

Cjn pitching-moment coefficient. Pitching moment / (q„ x S^f x 1) 

Cn yawing-moment coefficient. Yawing moment / (q„ x S^f x b) 

Cnp = dCj 9(3, taken at (3 = -2° and 2°, per degree 

Cp pressure coefficient, (pi^g^i - Pi^) / q„ 

Cy side-force coefficient. Side force/ (q„ x S^f) 

Cyp = 9Cy/ 9(3, taken at (3 = 2° and -2°, per degree 

L/D lift-drag ratio 

I reference body length, 5.772 in. 

p pressure, psi 

q„ free-stream dynamic pressure, psi 
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R Reynolds number 

Sref basic body planform area (excluding fins), 11.9088 in^ 

X longitudinal body axis, positive forward 

Y lateral body axis, positive to the right 

Z vertical body axis, positive downward 

X, y, z coordinates of X, Y and Z axes, respectively 

a angle of attack, deg. 

(3 angle of sideslip, deg. 

A increment 

8bf body-flap deflection angle, positive downward, deg. 

U coefficient uncertainty based on balance resolution 

8g tip fin elevon deflection angle, positive downward, deg. 

8y yaw controller deflection angle, deg. 

Subscripts: 

L left 

00 free stream 


APPARATUS AND TESTS 
Model 

The model used in the tests reported herein was a 0.0196-scale cast stainless steel model 
used in the tests of reference 4. This model was modified for the present test by 
providing the aerodynamic controls for hypersonic entry flight consisting of the fin- 
mounted elevens and the lower surface flush-mounted body flaps. Additionally, an 
aerodynamic yaw control device was designed for the present test that is described in a 
subsequent section. Sketches of the model are presented in figure 2, and photographs 
of the model and a full-scale mockup are presented in figure 3. The configuration 
consisted of a low-fineness-ratio body with a flat undersurface, a blunted nose, a small 
center fin, and two outboard fins set at a dihedral angle of 50°. The model was a thin- 
walled stainless steel casting without final machining to gain high fidelity; however, 
since the purpose of the tests reported herein was to obtain the incremental effects of 
the aerodynamic controls, some model asymmetries could be tolerated. Subsequent to 
the tests, the model surfaces were measured in order to assess effects of any 
asymmetries on the basic aerodynamic characteristics. These measurements revealed 
that the nose and aft end of the model were displaced in the positive Y-direction, with 
the aft end displaced the most. Along the length of the body, the displacement tended 
to be to the left, or the negative Y-direction. These displacements, ranging from 
Y = -0.018 to 0.016 inches, illustrated that the model was warped, or cambered in the Y- 
plane, and oriented slightly nose left. This effective camber and nose left orientation, 
however small, would tend to produce a negative increment in side-force coefficient, 
and a positive increment in yawing-moment coefficient. It would also tend to produce 
a negative increment in rolling-moment coefficient, but the measurements also showed 
that the right fin had 1.28° more negative incidence than the left fin, which would 
produce a roll to the right, or a positive rolling-moment increment. As will be shown 
subsequently, the basic lateral data tended to reflect these differences from the specified 
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outer mold lines but it is believed that they did not substantially influence the 
incremental control effectiveness. 


Controls 

The control of the HL-20 during atmospheric entry is accomplished by a combination of 
movable aerodynamic surfaces and a three-axis reaction control system (RCS). 
Reference 10 states that the pitch and roll RCS are active until the dynamic pressure 
reaches 50 psf, and the yaw RCS remains active for yaw control until the Mach number 
decreases to 3.5. All aerodynamic surfaces, except the rudder, become active at a 
dynamic pressure 2 psf, and the rudder is activated at a Mach number of 3.5. 

The control system was designed to use the fin-mounted elevons for pitch control 
augmented by the upper body flaps, the lower body flaps for roll control, the RCS and 
rudder for yaw control, and the upper and lower body flaps deflected simultaneously 
as a speed brake (ref. 10). The control geometry of references 8 and 9 were used to 
design the control configuration for the present tests. 

The model fins were modified to include trailing-edge elevons (figs. 2(b) and 2(c)) 
scaled from those described in reference 8. The elevons were provided with brackets 
for deflections of 0°, 10°, 20°, 40° -10°, -20° and -40°. The model was also provided with 
lower surface body flaps (ref. 8) having deflection angles of 10° and 20° (fig. 2(d)). 
Because the drag of the deflected body flap on the lower surface would be expected to 
produce adverse yawing moments, two additional body flaps with the hinge lines 
skewed 25° from the Y-axis direction were fabricated to compensate for this with 
deflections of 15° and 30° (fig. 2(d)). As the HL-20 had no direct hypersonic 
aerodynamic yaw control, a bottom-surface yaw control shown to be effective in 
reference 11 for the Shuttle orbiter was fabricated for the present test (figs. 2(e) and 
3(d)). This control concept is unconventional in that the hinge line is swept 60°, and the 
control lies flush with the vehicle bottom surface when undeflected. The control would 
be deflected 0° to 90° to provide yaw control during entry. When undeflected, the 
control leading edges lie parallel to the vehicle centerline, and their trailing edges 
coincide with the vehicle trailing edge. At 90° deflection, the control leading edge is 
swept 60°. Controls fabricated for the present study include deflections of 45° and 90°. 
Upper surface body flaps were not provided for this test because reference 8 indicated 
that at high angles of attack at Mach 4.5, the upper surface controls were not effective. 

Facility and Instrumentation 

The Langley 31-Inch Mach 10 Tunnel expands heated dry air through a three- 
dimensional, square, contoured nozzle into a 31-inch square test section. The nominal 
test Mach number is 10. The tunnel operates in the blowdown mode with run times 
ranging from 60 to 120 seconds. The air is heated to approximately 1850° R by an 
electrical resistance heater with reservoir pressures up to approximately 1500 psia. 
Average free stream flow conditions for this test were a static pressure of 0.0349 psi and 
a dynamic pressure of 2.43 psi at a temperature of 90.7° R. The free stream velocity was 
4642 ft. /sec. resulting in a Mach number of 9.937 and a Reynolds number of 2.22 x 10^ 
per ft. (1.06 X 10^ based on model reference length). The value of the viscous interaction 
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parameter was 0.0084. Models are supported on a hydraulically-operated, sidewall- 
mounted injection system. This tunnel and its capabilities are described in more detail 
in reference 12. 

The force and moment data were recorded with a six-component water-cooled, 
internally mounted strain gage balance. Balance internal temperatures were monitored 
with two thermocouples installed in the surrounding water jacket. The model and 
balance were supported on a sting at the base of the model (fig. 3(a)). The model angles 
of attack and sideslip were varied by rotating the tunnel sting support system in the 
pitch plane and in the yaw plane relative to the pitch plane. The yaw plane of the 
model rotates with the model; therefore, sideslip angle (3 varies slightly with angle of 
attack. Angle of attack and yaw are measured by transducers in the tunnel support 
system. The sideslip angle was corrected for the variation of yaw angle with angle of 
attack; angle of attack and sideslip were corrected for sting and balance deflections 
under load. The force and moment data were corrected for weight tares. Base 
pressures were measured but no corrections for them were applied to the axial force 
data. 


Model Test Methods 

The force and moment tests were conducted for an angle-of- attack range of 20° to 41° at 
zero, 2°, and -2° sideslip angles at a unit Reynolds number of 2.2 million per foot (1.06 
million based on model reference length). The model angle of attack was varied using 
the pitch-pause technique. During the tests only the left-hand controls were deflected. 
The body flaps and the bottom-surface-mounted yaw controller were tested to obtain 
lateral control effectiveness data; the elevons were tested both for longitudinal and 
lateral control, and the longitudinal control effectiveness was obtained by adding the 
incremental effects of the single control to the data obtained with one control. This 
procedure for the elevons was validated in reference 8. Oil-flow visualizations of the 
lower model surface were recorded on photographic film at alpha = 20° and 30° for 
several control deflections. 


Uncertainties 

The calibration accuracy of the strain gage balance is 0.25 percent of the design load 
rating of the six components and the related uncertainties in the corresponding 
coefficients are listed below: 

Cfj Ca Cy C„ C; 

±0.00352 ±0.000264 ±0.00044 ±0.00090 ±0.00029 ±0.000156 

The moment coefficient uncertainties caused by balance calibration accuracies include 
those in the force coefficients used in the moment transfer equations. For example, Ucm 
(total) = Ucm (measured) ± Ucn (Ax/ 1 ), where Ax is the transfer distance. Because of the 
relatively large moment transfer distance (X// = .126) associated with the existing 
model, these inclusions essentially doubled the uncertainties in and Q. This 
adversely affected the longitudinal control effectiveness data in the present case, 
because the effectiveness in pitch control was obtained by doubling the incremental 
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effectiveness of a single eleven. This in turn doubled the effect of balance normal force 
accuracy on the resulting increment. Because the increments obtained in the present 
investigation were small, the uncertainties caused by balance accuracies could be as 
large as the increments produced by deflecting the control. 


RESULTS AND DISCUSSION 
Presentation of Data 

The static longitudinal and lateral aerodynamic characteristics of the basic HL-20 model 
with all controls at zero deflection are presented in figures 4 to 6. The model is 
longitudinally stable in the angle-of-attack range tested (fig. 4(b)). The effects of 
sideslip on the lateral-directional characteristics of the model are shown in figure 5. The 
offsets in the lateral parameters at zero sideslip reflect the trends discussed previously 
in the section on model asymmetries. The model is laterally and directionally stable 
through the angle-of-attack range tested (figs. 5 and 6). The effects of elevon deflection 
on longitudinal characteristics are shown in figure 7. The lateral control effects at 
several control deflections as functions of angle of attack are given in figures 8 to 11 for 
the conventional left body flap, the left body flap with the hinge line skewed 25° (see 
fig. 2(d)), and the left-hand yaw controller. The lateral control effectiveness of the body 
flaps and yaw controller are shown in figures 12 to 14 and figure 16 as a function of 
control deflection for several angles of attack. Surface oil-flow photographs with the 
body flaps and yaw controller deflected are presented in figures 15 and 17 respectively. 

Longitudinal Control Characteristics 

Ligure 4(b) shows that with the elevens undeflected, the model is longitudinally 
trimmed at an angle of attack of 22.5°. Combining the incremental data for a single 
elevon at 6g = -40° to represent the effect of both elevens at -40° increases the trim angle 
of attack to about 23.5° (fig. 7(b)). Although considerable scatter is evident in the data, 
the end result is not significantly affected; the control effectiveness of the upward- 
deflected elevens as indicated by the limited trim angle of attack range is minimal. 
According to reference 10, the nominal entry angle of attack for the HL-20 is 30° from 
entry interface at an altitude of 400,000 feet to an altitude of 157,000 feet and a Mach 
number of 10. Based on the data reported herein, the vehicle has insufficient hypersonic 
longitudinal trim capability to fly the desired entry trajectory with the present c.g. 
location. The vehicle is quite stable longitudinally because of the forward-located 
center of gravity. The vehicle longitudinal stability can be reduced in two ways: one, 
shift the center of gravity aft, and two, shift the aerodynamic center of pressure 
forward. The center of gravity can be shifted aft by moving internal components, but 
this is limited to those that can be practically moved such as batteries and propellant 
tanks, and by providing ballast, but the added weight may be limited by performance 
considerations. The center of pressure can be moved forward by reshaping the body 
and fin planforms and/or moving the fins forward. Additionally, the longitudinal trim 
capability can be improved by reshaping the body profile to provide negative camber 
(positive increment in with little change in longitudinal stability) and/or increasing 
the size of the elevens; however, either revision will result in a loss in trim lift. The loss 
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in some trim lift can be tolerated at hypersonic speeds, since a high trim angle of attack 
in this regime is more important because of aeroheating. However, the decreased trim 
lift can become critical at transonic and subsonic speeds. The effect of body camber on 
the lift and moment characteristics of the HL-20 at subsonic speeds is shown in 
reference 13. It is believed that with a judicious combination of the approaches 
discussed above, the vehicle can be modified to trim to the desired angle of attack at 
hypersonic speeds. However, the impact of the modifications on the aerodynamic 
characteristics must be considered for the entire entry speed range. Upper surface body 
flaps are not a valid consideration at high angles of attack, because the lee-side flow 
field has insufficient momentum to make these controls effective. Reference 8 shows 
that the upper surface body flaps are essentially ineffective above Mach 3 at high angles 
of attack. 


Lateral Control Characteristics 

The primary roll control of the HL-20 would be provided by the lower surface body 
flaps (see fig. 2(d)). The conventional body flap (hinge line parallel to the Y axis) has 
adequate rolling effectiveness as shown in figure 12. A calculation of the roll angular 
acceleration at Mach 20 flight conditions for the nominal trajectory and the inertial data 
from reference 10 gives a value of 12.5 deg/ sec* for a body flap deflection of 20°. This is 
accompanied by pitching moments larger than the trim capability of the elevens, and by 
adverse yawing moments (calculated value of 769 ft.-lb. at Mach 20). The adverse 
yawing moments can be eliminated by a judicious choice of skew angle for the body 
flap hinge. Figure 13 shows the roll control effectiveness of a body flap with the hinge 
line skewed 25° relative to the Y-axis (see the right side of fig. 2(d)). The skew angle of 
25° was calculated to eliminate the adverse yaw caused by deflection of the control for 
roll. The data of figure 13 show that the resulting yawing-moment coefficient is slightly 
positive; i.e., a favorable yawing moment. The 15° and 30° deflection angles were 
chosen with the expectation that the skewed control would not be as effective in roll as 
the conventional body flap. A comparison of the effectiveness of the two body flap 
configurations at an angle of attack of 40° (fig. 14 ) shows that the body flap is less 
effective in roll, but by a lesser amount than was anticipated. Note the large difference 
in yawing-moment coefficient produced by the controls; the negative (adverse) yawing 
moment produced by the conventional body flap becomes positive (favorable) when 
the hinge line is skewed. A slight adjustment in the skew angle would eliminate the 
yawing moment altogether. As expected, the side force produced by the skewed body 
flap is larger than that produced by the conventional body flap. Both controls, when 
deflected, produced about the same pitching-moments; either control increases the 
longitudinal out-of-trim moment. 

Photographs of surface oil-flow patterns with the body flaps deflected (fig. 15) illustrate 
the high pressure region generated on the lower surface in the area ahead of the control 
hinge line. This can be seen in figure 15(a) where the flow is directed around the ends 
of the control. The flow on the inboard side of the body flap close to the hinge line also 
appears to move forward as it moves off the side. This is also shown in figure 15(b) 
(alpha = 20°), although the direction of the flow is not as easily seen. The inclined 
surface of the deflected body flap with the skewed hinge line produced a larger area 
influenced by the inboard flow off the control (figs. 15(c) and (d)). The corresponding 
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increase in surface pressure in this region would be expected to enhance the roll 
effectiveness of the control. 

The yaw controller (see fig. 2(e)) produced adequate yawing moments accompanied by 
small favorable rolling moments (fig. 16). The yaw angular acceleration at Mach 20 is 
15.5° /sec^ for a controller deflection of 90° as calculated with the inertial data and 
nominal entry trajectory conditions used in the simulations described in reference 10. 
Deflection of the controller also produced nose-down pitching-moment coefficients 
larger than the elevon trim capability. As with the body flaps, the deflected control 
induces increased pressure on the lower body surface ahead of and to the outboard side 
of the controller. This is indicated in the surface oil-flow photographs of figure 17(a) 
and (b), and is similar to that observed for the shuttle orbiter model of reference 11. The 
region of high pressure would be expected to produce a sizable adverse rolling moment 
because of its outboard location, but the data of figure 16 show that the rolling moment 
is slightly favorable. The side loading on the controller combined with its location 
below the model center of gravity more than offset the adverse effects of the bottom 
surface loading. In the case of the orbiter model of reference 11, the side loading on the 
controller was reinforced by the surface normal loading because of its inboard location 
relative to the controller. 

Although no heating tests have been performed, it is expected (as pointed out in 
reference 11) that the overall heating of the controller would be high because of its 
location in the high energy shock layer on the bottom of the model. In addition to high 
heating on the forward face of the controller, there may possibly be high heating 
associated with flow behind the deflected controller (fig. 17). This would tend to 
increase the heating in the cavity from which the controller was deployed. 


CONCLUSIONS 

An analysis of the data obtained from a control effectiveness study for a 0.0196-scale 

HL-20 model with fin-mounted elevons, flush-mounted body flaps, and a flush- 

mounted yaw controller at Mach 10 resulted in the following conclusions: 

1. For the given center-of-gravity location of 54 percent of the model reference length, 
the model was longitudinally and laterally stable throughout the angle-of-attack 
range tested. 

2. The longitudinal control effectiveness of the fin-mounted elevons was minimal. The 
model could not be trimmed above an angle of attack of 23.5°, which is less than the 
30° angle of attack prescribed for the entry trajectory. 

3. The conventional flush-mounted body flap was effective in roll; however, deflection 
of the control for roll resulted in adverse yawing moments. Skewing the body-flap 
hinge line 25° eliminated the adverse yawing moments without materially affecting 
the roll effectiveness. 

4. The flush-mounted yaw controller was effective in yaw and produced a small 
favorable rolling moment. 

5. Deflection of the body flap or yaw controller resulted in negative pitching moment 
coefficients of -0.009 and -0.006 respectively, which increased the existing deficit in 
longitudinal trim capability. 
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Figure 2. Continued. 
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(c) Sketches of elevens and deflection brackets. 
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Figure 3. Continued. 
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Figure 3. Continued. 
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Figure 3. Continued. 
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(e) Full-scale mock-up of the HL-20. 
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(b) versus angle of attack. 
Figure 8.- Continued. 
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(c) C, versus angle of attack. 
Figure 8.- Concluded. 
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(c) C| versus angle of attack. 
Figure 9.- Continued. 
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(a) Cy versus angle of attack. 


Figure 10.- Effect of skewed-hinge body flap deflection on lateral and 
longitudinal characteristics of the model. 
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a, deg 


(b) versus angle of attack. 
Figure 10.- Continued. 
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a, deg 


(d) versus angle of attack. 
Figure 10.- Concluded. 
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(a) Cy versus angle of attack. 

Figure 1 1 Effect of yaw controller deflection on the lateral and 
longitudinal characteristics of the model. 
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Figure 11.- Continued. 


41 






0.020 



a, deg 

(d) versus angle of attack. 
Figure 1 1 Concluded. 
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Figure 12. Roll control effectiveness of the left-hand body flap at several angles of attack. 





O 20.4 
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Figure 13. Roll control effectiveness of the left-hand body flap with the hinge line skewed 25° at several angles of attack. 




o Conventional body flap 
□ Body flap hinge line skewed 25 
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Figure 14. Comparison of the roll effectiveness of the conventional left-hand body flap with that of 
the body flap with the hinge line skewed 25°. a = 41 .4°, (3 = 0° 
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(b) Conventional hinge line, 5 bf = 1 0°, a = 20°. 
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(c) Skewed hinge line, 5 bf = 15°, a = 30°. 



50 


(d) Skewed hinge line, 5 bf = 1 5°, a = 20°. 






52 


Figure 17. Surface oil-flow patterns on the bottom of the model with the left-hand yaw 
controller deflected. Photograph in the 31 Inch Mach 10 tunnel. R = 2.2x1q6. 
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Figure 17. Continued. 
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Figure 17. Concluded. 
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